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SUMMARY 

Three  ground-level-microphone  mounting  techniques  (flush  mounting,  inverting  the 
microphone  over a p l a t e ,  and  lying  the  microphone on a p l a t e )  w e r e  compared over a 
frequency  range  from 3 15 Hz t o  20 kHz and  over a wide  range of inc idence   angles   in  
t he  Langley  Jet-Noise  Laboratory  anechoic room.  The flush-mounted  microphone, when 
compared with a f r ee - f i e ld  microphone,  exhibited  approximate  pressure  doubling up t o  
a frequency of 10  kHz. Deviations from pressure  doubling w e r e  a t t r i b u t e d   t o   t h e  
inf luence of d i f f r a c t i o n  from the   p l a t e .  To minimize  the  influence  of  diffraction, 
the  inverted and lying  microphones were compared with  the  flush-mounted  micro- 
phone. The inver ted  and lying  microphones  were i n  good agreement  with  the  f lush- 
mounted  microphone a t  f requencies  less than 4 kHz. A l l  three  microphone  responses 
tended to  have free-f ie ld   response a t  near-grazing  incidence. The f r e e - f i e l d  
response a t   g raz ing   i nc idence  was a t t r i b u t e d   t o   t h e   f i n i t e  s i z e  of the  plate used  to  
simulate the ground surface.  A t  f requencies  less than 4 kHz, the  inverted  and  lying 
1/3-octave-band  response  spectra were f a i r l y   i n s e n s i t i v e   t o   t h e   p o s i t i o n  of the 
microphone. A t  higher  frequencies,  the  geometry of the  microphone  and i t s  mounting 
became important. The inverted  microphone 0.5 times the  diameter  above  the  plate 
gave t h e   f l a t t e s t   r e s p o n s e  compared with  the  flush-mounted  microphone. Nondimen- 
s iona l   ana lys i s  of the  inverted and l y i n g   r e s u l t s  showed t h a t   f o r  k H  cos 8 < 0.7 
the  response of the  microphones  approached  that of the  f lush-mounted  microphone. 

INTRODUCTION 

The purpose of t h i s   i n v e s t i g a t i o n  w a s  t o  compare the   app l i cab i l i t y  of t h ree  
ground-level-microphone  mounting  techniques  to  determining  free-field  noise  source 
leve ls .  The Federal   Aviation  Administration  has  established  regulations and standard 
measurement  procedures f o r   a i r c r a f t   n o i s e   c e r t i f i c a t i o n   ( r e f .  1 ) .  These  procedures 
include  using a standard  microphone  position 1.2 m ( 4  f t )  above  the  ground.  Micro- 
phones  placed  above a surface  sense  not   only  the  direct   acoust ic   s ignal  from an   a i r -  
c r a f t   b u t   a l s o  a r e f l e c t e d   a i r c r a f t   s i g n a l  from the  surface.  The r e f l e c t e d   s i g n a l  
can   e i ther   par t ia l ly   re inforce   o r   cance l   the   d i rec t   s igna l ,   depending  on t h e   r e l a t i v e  
phase and  magnitude of the   s igna ls .  The combination of t h e   d i r e c t  and r e f l e c t e d  
s igna l s   r e su l t s   i n   an   i n t e r f e rence   pa t t e rn .   Fo r  a 1.2-m (4- f t )   microphone ,   the   f i r s t  
in te r fe rence  m i n i m u m  occurs a t  a frequency  less   than 1 kHz. 

The  magnitude  and  phase of the  reflected  signal  depend on seve ra l   va r i ab le s  
such a s   t h e   c h a r a c t e r i s t i c s  of the   no ise   source ,   the   source   pos i t ion   re la t ive   to   the  
microphone,  and  the  physical  characteristics,  including  the  ground  impedance, of the  
ref lect ing  surface.   Unfortunately,   the  impedance of the ground su r face   va r i e s  
greatly  with  changes of substance  and i s  d i f f i c u l t  to  measure ( r e f .  2)  . Small 
va r i a t ions   i n   t he   he igh t  of the  microphone  can  a lso  induce  errors   into  the 
measurements  (ref.  3) . 

To overcome the  interference-pattern  problem  associated  with  the 1.2-m ( 4 - f t )  
microphone,  higher  and l o w e r  microphone pos i t i ons  are used. A commonly used  higher 
pos i t i on  is 10 m ( 3 3   f t )  above  the  ground  (ref. 4 ) .  The h igher   pos i t ion  of the  
microphone i n  t h i s   c o n f i g u r a t i o n   c a u s e s   t h e   f i r s t   i n t e r f e r e n c e  minimum to   occur  a t  a 
lower  frequency  than  with  the 1.2-m ( 4 - f t )  microphone. The 10-m (33- f t )   pos i t ion   has  
an in te r fe rence   pa t te rn   assoc ia ted   wi th  it, hu t  1/3-octave-band  averaging of the more 



closely  spaced maxima and minima lessens  the  impact of t he   i n t e r f e rence   pa t t e rn  on 
any par t icular   1/3-octave band of u s u a l   i n t e r e s t  i n  je t -noise   research.  A var i e ty  of 
microphone pos i t ions   near   the  ground  have  been  proposed. 

Of the  near-ground  microphone  positions  most  often  suggested,  the  flush-mounted 
pos i t ion   ( re f .   5 )  is i dea l ly   t he   bes t ,  as it provides  a pressure-doubled  response a t  
a l l  f requencies  and a t  a l l  angles  of incidence.  However, t h e   p r a c t i c a l  drawbacks  of 
f l u s h  mounting  cannot  be  ignored. It is  not   a lways   feas ib le   to   f lush  mount a micro- 
phone,  say to  a paved  surface,  nor i s  it always  easy  to   def ine  the  surface  (e .g . ,  
areas  covered by grass or g rave l ) .  To solve  these  problems, two other  ground-level- 
microphone posit ioning  techniques  are  usually  proposed, one with  the microphone ly ing  
on the   sur face   ( re f .  6) and  the  other  with  the  microphone  inverted  above  the  surface 
( r e f .   7 ) .  The surface  can  be  e i ther  a ground  board or   the   ac tua l   sur face .   In   bo th  
cases, the  microphone is  assumed t o  be c lose  enough to   the  surface  and small enough 
to  achieve  pressure  doubling a t  nea r ly   a l l   f r equenc ie s  and a t  a l l   a n g l e s  of 
incidence.  

The r e s u l t s  of a laboratory  experiment  to compare three  different  ground-level-  
microphone  mounting techniques are p resen ted   i n   t h i s   pape r .  The mounting  techniques 
s tud ied  w e r e  flush  mounting,  lying  the  microphone on a p l a t e ,  and inver t ing   the  
microphone  over a p l a t e  a t  var ious  heights .  A 12.7-nun (0.5-in.)  microphone  and a 
10.2-cm (4.0-in.)  midrange  speaker were  used i n   t h i s   i n v e s t i g a t i o n .  The o r i en ta t ion  
between  the  source  and  the  plate,  used  to  simulate  the  ground, w a s  varied  over a wide 
range of incidence  angles  to  simulate  f lyover  noise  measurements and  ground-based 
noise  measurements. 

TEST FACILITY AND EQUIPMENT 

Anechoic Room 

The  experiment w a s  conducted i n  the  anechoic room ( f i g .  1 )  i n   t h e  Langley Jet- 
Noise  Laboratory. The dimensions of the room, t o   t h e   t i p s  of the 0.6-m (2- f t )   long  
g l a s s   f i b e r  wedges, a r e  2.4 m ( 7 . 9   f t )  x 3.1 m (10 .2  f t )  x 3.9 m (12.8 f t )   f o r   t h e  
height,  width,  and  length,  respectively.  Except  for  the  hardware  used  in  the tests, 
there  were no r e f l e c t i n g   s u r f a c e s   p r e s e n t   i n   t h e  room during  the  tes t .  The acous t ic  
p rope r t i e s  of the room had previously  been  examined  using a variable-frequency 
source. The  room, without  the test  hardware, w a s  found t o   e x h i b i t  an anechoic 
response (6-dB drop i n  sound pressure   l eve ls   wi th  a doubling of d i s tance)   for   the  
frequency  range of  150 Hz t o  50  kHz. 

Acoustic  Source 

The noise  source ( shown in   t he   fo re f ron t  of f i g .  1)  which was u s e d   f o r   a l l   t h e  
experiments w a s  a 10.2-cm (4-in.)  diameter  unbaffled  midrange  speaker. The unbaffled 
speaker w a s  se lected  over  a baffled  speaker  and a tube  point  source.  The construc- 
t i o n  of the  unbaffled  speaker minimized d i f f r a c t i o n  from the   speake r   i t s e l f ,  which 
r e s u l t e d   i n  a more uni form  acous t ic   f ie ld   than   wi th   the   baf f led   speaker ,   par t icu lar ly  
i n  the  center  of t he   acous t i c   f i e ld .  The speaker  also had  an  acceptable  broadband 
frequency  response  and  sufficient  output  power. The input   s igna l   to   the   speaker  w a s  
broadband  noise   f i l tered  to  be within the frequency  range of 315 Hz t o  20 kHz. The 
source w a s  posit ioned  1.8 m (6  E t )  from the  simulated ground surface.  
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P l a t e  and  Shroud 

The p l a t e  which was used  to   s imulate   the  ground  surface  can  a lso  be  seen  in  
f i g u r e  1. The plate is  a 1.2 m ( 4   f t )   s q u a r e  of aluminum,  6.4 mm (0.25  in.)   thick.  
At tached   to   the   p la te   in   f igure  1 are removable f iber-glass   shrouds,  shown i n   g r e a t e r  
d e t a i l   i n   f i g u r e  2. The shape of the  shrouds were one-quarter   e l l ipses   with a 0.3-m 
( 12-in. ) major diameter  and a 0.2-m (8-in.)  minor diameter. The shrouds w e r e  6.4 mm 
(0.25  in. ) thick.  The physical  dimensions of the  anechoic room necessi ta ted  the  use 
of a f in i t e - s i zed   p l a t e .   D i f f r ac t ion   e f f ec t s  from the  edges of t h e   p l a t e  were an t ic -  
ipated.  From earlier work ( r e f .   8 ) ,  it w a s  known t h a t  a r i g i d  body with  rounded 
edges would no t   exh ib i t  as much d i f f r a c t i o n   a s  a r i g i d  body with  sharp  edges. The 
shrouds were designed to  minimize  the  diffract ion from the  edges of t he   p l a t e  by 
rounding  the  edges of the  plate. Tes ts  were  performed  both  with  and  without t h i s  
edge  modification. 

P la te   Rota t ion  

The var ia t ion   in   inc idence   angle  was achieved by ro ta t ing   the   p la te .   Inc idence  
angle  8 i s  defined as the  angle  between  the  normal  to  the  plate and the   acous t ic  
s igna l .  The p l a t e  was mounted  on a t ravers ing  mechanism so tha t   t he   ve r t i ca l   cen te r -  
l i n e  on the  face of t h e   p l a t e  would experience  rotat ion  without   t ranslat ion.   (See 
f ig .   3 . )  A d ig i t a l   s t epp ing  motor w a s  u sed   t o   ro t a t e   t he   p l a t e  i n  conjunction  with a 
b i d i r e c t i o n a l   t o t a l i z e r   t o   r e c o r d  i t s  pos i t ion .  Measurement of t he   p l a t e   pos i t i on  
w a s  accurate  and r epea tab le   t o   w i th in  0.5O over   the  ent i re   range of angles   t es ted .  A 
l a s e r  was used  to  al ign  the  speaker  with  the  plate.  

Microphone  and Or ien ta t ion  

The same microphone was u s e d   f o r   a l l  the experiments   to   e l iminate  any e r r o r s  
that   might be introduced by c h a r a c t e r i s t i c   d i f f e r e n c e s  between  individual  micro- 
phones. The microphone  used was a 12.7-mm (0.5-in. ) diameter  condenser  microphone, 
factory  adjusted  to   be a pressure  microphone. The microphone was t e s t e d   i n   f o u r   d i f -  
fe ren t   conf igura t ions :   f lush  mounted t o   t h e   p l a t e   ( f i g .  4 (a )  ) , ly ing  on t h e   p l a t e  
( f i g .   4 ( b ) ) ,   i n v e r t e d   o v e r   t h e   p l a t e  a t  v a r i o u s   h e i g h t s   ( f i g .   4 ( c ) ) ,  and f r e e   f i e l d  
a t   t h e  same spa t ia l   loca t ion   bu t   wi th   the   p la te  removed. A t  a l l   a n g l e s  of incidence 
of the  plate  to  the  source,   the  microphone w a s  a t  grazing  incidence  to   the  source  for  
the   ly ing  and  free-f i e l d  microphone  configurations. The stand which held  the  micro- 
phone in   the   inver ted   pos i t ion   can   be   seen   in   f igure   4 (c) .  The s e n s i t i v i t y  of the  
microphone was regularly  measured a t  250 Hz using  an  osci l la t ing  pis ton-type cali- 
b ra to r .  The microphone c a l i b r a t i o n  w a s  used in   the   reduct ion  of t he   da t a   t o  e l i m -  
i n a t e  any var ia t ions   tha t   could  have  been  caused by changes i n   t h e   s e n s i t i v i t y  of the  
microphone. The  maximum s e n s i t i v i t y   c o r r e c t i o n  w a s  less than 0.5 dB. 

Signal  Analysis 

The output   s ignal  from the  microphone w a s  analyzed  using  simultaneous  1/3-octave- 
band f i l t e r s   w i th   cen te r   f r equenc ie s   r ang ing  from 315 H z  t o  20 kHz and a 16-second 
averaging  time. The c o e f f i c i e n t  of v a r i a t i o n ,   t h e   r a t i o  of the  random s t a t i s t i c a l  
e r ro r   t o   t he   ave rage  measured  pressure, is  estimated to be 0.03 for   the   lowes t  
frequency band  and decreases  for  higher  frequency  bands. The a t t enua t ion  of each  of 
the  19 f i l t e r s  w a s  regularly  measured  and was inc luded   i n   t he   da t a   acqu i s i t i on   t o  
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a d j u s t   t h e   l e v e l s   i n   e a c h  of the  bands  before  they were recorded. The filter- 
a t tenuat ion   cor rec t ions  were accurate   to   within 0.25 dB and  var ied  only  s l ight ly  f r o m  
day t o  day. 

Ambient Condition 

Along with  the  acoust ic   data   gathered  for   each  configurat ion,   the   ambient  
temperature,   pressure,  and relat ive  humidi ty  were  measured  and  recorded. The 
temperature w a s  measured  using a thermistor ,   accurate   to   within I o C  ( 1.8OF); t he  
ambient  pressure was measured  with  an  absolute  barometer,  accurate to  within 1 nun Hg 
(0 .04  in.  Hg);  and  the  relative  humidity w a s  measured  with a digi ta l   hygrometer ,  
accura te   to   wi th in  1 percent.  

TEST  CONDITIONS AND PROCEDURES 

The t e s t   ma t r ix  is  i l l u s t r a t e d   i n   t a b l e  I. Most of the  experiments were con- 
ducted  with  the  plate  edge  treatment  (shrouds) and without  the  microphone  grid  cap. 
However, some t e s t s  were performed  with  the  microphone  grid  cap on. The grid  cap was 
found  to  have little e f f e c t  a t  any frequency  or a t  any angle of incidence. To  insure  
t h a t   t h e   d i f f e r e n t  microphone  mounting  configurations were a s   s i m i l a r   a s   p o s s i b l e  
( t h e  flush-mounted  microphone  could  not  be  used  with a g r i d   c a p ) ,   d a t a   t o  be  pre- 
sented i n  t h i s   r e p o r t  were  taken  without  the  microphone  grid  cap. The three  ground- 
l e v e l  mounting  techniques  were  tested a t  23 incidence  angles,  -200 t o  900, i n  50 
increments. The negative  incidence  angles were included  to  check  the symmetry 
and   repea tab i l i ty  of t he   r e su l t s .  The microphone in   t he   i nve r t ed   conf igu ra t ion  w a s  
t e s t e d   a t   h e i g h t s  above t h e   p l a t e  of 0.125,  0.25, 0.50,  0.75,  1,  and 2 times the  
microphone  diameter  (12.7 nun ( 0 . 5  i n . ) ) .  A f r ee - f i e ld  test  w a s  also  conducted  with 
the   p l a t e  removed and the  microphone a t  grazing  incidence.  

Each  run was begun by configuring  the  plate   in   accordance  with  the test condi- 
t ion  (with  or   without   the  edge  t reatment) .  When the  shrouds were used,  the  junction 
between  the  edges of t he   p l a t e  and the  shrouds was smooth. A l a s e r  was used  to 
insure  that   the   speaker   face  and  the  plate  were p a r a l l e l  and that   the   speaker  was 
pointed  toward  the  center of t he   p l a t e .  The p l a t e  was then  rotated and the   a l ign-  
ment checked. The microphone w a s  ca l ibra ted   us ing  a pis ton-type  precis ion sound 
source,   and  the  attenuation of the  1/3-octave-band f i l ters w a s  measured  and 
recorded. The microphone was mounted on the   p la te   in   accordance   wi th   the  test 
conditions.  The time  and  atmospheric  data were  measured,  and  the  acquisition of 
the  1/3-octave-band  data was in i t ia ted .   Before   the   acous t ic   da ta  were s tored ,   the  
1/3-octave-band f i l t e r - a t t enua t ion   co r rec t ions  were appl ied.  A new incidence  angle 
was then  chosen,  and  the  above  process was repeated. 

DATA ANALYSIS 

The b a s i c   r e s u l t s  of the  experiment  were  1/3-octave-band  spectra of the   acous t ic  
source  for  the  various  microphone  mounting  techniques. To compare the  frequency 
response of the  different  mounting  techniques,  the  measured  spectra  were compared 
with common reference  spectra.  An obvious f i r s t   choice   for   the   re fe rence   spec t rum 
w a s  the  free-field  1/3-octave-band  spectrum,  but  for  reasons  mentioned  in  the 
following  paragraph  another  reference spectrum w a s  se lec ted .  
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The f i n i t e   s i z e  of the  plate   used  to   s imulate   the  ground  surface gave rise t o  
concerns  about   the  diffract ion from the  plate   edges  inf luencing  the  comparison of the 
d i f f e r e n t  microphone  mounting  techniques. Two approaches were used  to  minimize  the 
e f f e c t  of d i f f r ac t ion .  The f i r s t  w a s  the   use of the  shrouds,  discussed  previously. 
The  second was the   ca re fu l   s e l ec t ion  of the  reference  spectra   used  in   the data 
ana lys i s .  The reference  spectra   chosen  to  compare with  the  inverted-  and  lying- 
microphone  data were the  flush-mounted-microphone data a t  the  same incidence  angle. 
With equal  incidence  angles,  the  geometry  between  the  source  and  the  plate,  and 
therefore   the   edge   d i f f rac t ion   e f fec ts ,  would be i d e n t i c a l   f o r   t h e  two spectra .  Use 
of r e f e r e n c e   d a t a   a t  matched  incidence  angles   in   the  analysis  i s  r e f e r r e d   t o  as using 
a matched reference.  

RESULTS AND DISCUSSION 

D a t a  Presentation  Format 

The typ ica l   format   tha t  is  used to  i l l u s t r a t e   t he   f r equency   r e sponse  of the 
various  microphone  mounting  techniques i s  shown i n   f i g u r e  5. The ord ina te  is  re la -  
t i v e  sound p r e s s u r e   l e v e l   i n  dB and the   absc issa  is frequency  in  Hz. The legend  and 
the  key i n   f i g u r e  5 ident i fy   the   da ta   p resented .   In   th i s   case   the   da ta  are f o r   t h e  
flush-mounted  microphone  without  the  edge  treatment  (shrouds),  using  the  free-field 
microphone as  the  reference  microphone.  Data  are  given  for 10 incidence  angles,  and 
the  reference  data  used were fo r   t he   f r ee - f i e ld  microphone a t   g raz ing   inc idence .  
Ambient cond i t ions   fo r   t he  measured data a re   g iven   i n   t ab l e  11. 

E f f e c t  of Plate-Edge  Treatment 

Figures 5 and 6 show the  effect   that   the   shrouds  have on the  response  spectra .  
Both f igu res  are comparisons of a flush-mounted  microphone  with  the  free-field  micro- 
phone.  Figure 5 i s  without  the  shrouds,  and  figure 6 i s  with  the  shrouds. The 
shrouds  tend  to  f latten  the  spectra,   especially  near  the  midrange  1/3-octave  bands.  
The shrouds  round  off  the  edges of the  plate and  appear  to make t h e   d i f f r a c t i o n  
caused by the  plate   tend  toward  that  of an i n f i n i t e   s u r f a c e  much f a s t e r   t han   t he  
assoc ia ted   increase   in   the   p ro jec ted   a rea  of the  plate   with  the  shrouds.  The e f f e c t  
of the  shrouds i s  a reduct ion of the  inf luence of d i f f r a c t i o n   i n   t h e  measured 
r e s u l t s .  The remainder of the  data   presented  are   with  the  plate-edge  t reatment .  

Measurement Repea tab i l i ty  

As a test  of r e p e a t a b i l i t y  and symmetry of the   exper iment   (wi th   respec t   to   the  
angle  of incidence),  the  flush-mounted  microphone was tes ted  twice.   Figure 7 shows a 
comparison of the  two tests. The agreement is  within  the  experimental  error ( f l  dB) 
from  one tes t  to   another   and   in   pos i t ive   angles   to   nega t ive   angles .  

E f fec t  of Matched Reference 

The e f f e c t  of a matched  reference to  minimize  the  inf   hence of d i f f r a c t i o n  is 
shown i n   f i g u r e s  8 and 9. Resul ts  are given in   t he   f i gu res   fo r   an   i nve r t ed  micro- 
phone 1 diameter  above  the  plate. The reference  microphone  for   the  resul ts   g iven  in  
f igu re  8 was the  f lush-mounted  microphone a t  O o  incidence  angle.  The r e fe rence   fo r  
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t h e   r e s u l t s   i n   f i g u r e  9 w a s  a l so   t he  flush-mounted-microphone  data,  but  the compar- 
i son  w a s  made between  data of equal  incidence  angle.  The r e su l t s   u s ing   t he  matched 
re ference  more c lear ly   exhib i t   the   expec ted   sys temat ic   devia t ion ,   increas ing   wi th  
incidence  angle,  of the  inverted  response from the  f lush  response a t  h ighe r   f r e -  
quencies  than do the  00 re ference   resu l t s .  

I n  figure 8, the  low-frequency  data  €or  the 80° and 8 5 O  incidence  angles do not  
c lus t e r   a round   t he   ze ro   l i ne   l i ke   t he   r e su l t s  a t  smaller incidence  angles.  The 
r e a s o n   f o r   t h i s   d i f f e r e n c e  a t  large  incidence  angles  is t h a t  a t  grazing  incidence  and 
low frequency the d i f f rac t ion   a round a f l a t   o b j e c t   h a s  been shown t o  be small, and 
the  response of a microphone  near  the  surface  of  the  object  has  been shown t o  
approach  the  f ree-f ie ld   response  ( ref .  9 ) .  Similar  response is  expected  €or  the 
rec tangular   p la te   used   to   s imula te   the  ground in   the   p resent   exper iment .  

The r e s u l t s   g i v e n   i n   t h i s   r e p o r t   r e p r e s e n t   t h e   d i f f e r e n c e  between two spectra, a 
measurement  spectrum  from a p a r t i c u l a r  microphone configurat ion and a reference spec- 
trum.  For the   r e su l t s   g iven   i n   f i gu re  8, the  reference  spectrum w a s  not   inf luenced 
by the  tendency  toward  f ree-f ie ld   response,   because  the  plate  w a s  a t  normal incidence 
when the  spectrum w a s  obtained. The measurement  spectrum  from  the  inverted  micro- 
phone w a s  inf luenced by the  tendency  toward  free-field  response a t  graz ing   inc i -  
dence. When the   d i f f e rence  between the two spec t ra  w a s  t a k e n   t o   g e t   t h e   r e s u l t s  
g i v e n   i n   f i g u r e  9, the  tendency  toward  the  free-field  response w a s  i nco rpora t ed   i n  
the   r e su l t s .  When both  spectra  being compared have  equal  incidence  angles, as i n  
f i g u r e  10 ,  the  tendency  toward  free-f  ield  response is  in   bo th   spec t r a  and i s  
subtracted from the   r e su l t s .  

The high-frequency  dips   in   f igures  8 and 9 are due t o   t h e  microphone  being 
placed above the   p l a t e .  The inver ted  microphone senses  a d i r e c t   s i g n a l  and a 
re f lec ted   s igna l .   For   f requencies  less than 4 kHz, the  path- length  difference 
between the two s igna l s  i s  a small por t ion  of a wavelength,  and  the  inverted  response 
is  e s s e n t i a l l y   t h a t  of the  flush-mounted  microphone.  For  higher  frequencies  the 
path- length  difference becomes s ign i f i can t ,  and des t ruc t ive   i n t e r f e rence  between the  
two signals  develops.  The d ip   in   the   f requency   response   sh i f t s   to   h igher   f requencies  
as the  path- length  difference  decreases   with  increasing  incidence  angle .  Matched 
re ferences  have  been  used t o  compute the   resu l t s   g iven   in   the   remainder  of t h i s  
repor t .  

Resu l t s   fo r  Flush-Mounted  Microphone 

The flush-mounted  microphone a t  var ious  angles  of incidence w a s  compared wi th  
the   f r ee - f i e ld  microphone. The r e s u l t s  are shown i n   f i g u r e  6. For incidence  angles 
up t o  70°, t h e   r e l a t i v e  sound pressure   l eve l  (SPL) up t o  a frequency  of 10 kHz i s  
near ly  6 dB, indicat ing  pressure  doubl ing.   Deviat ions from pressure  doubling are 
caused by t h e   d i f f r a c t i o n  of the  sound f i e l d  by the   p l a t e .  A t  near-grazing  incidence 
(an  incidence  angle  approaching 90° 1, the  response  tends  to be as i f  it were i n   t h e  
f r e e   f i e l d .  The same tendency  toward free-f ie ld   response a t  large  incidence  angles  
w a s  observed when the   inver ted  microphone was compared with  the  flush-mounted  micro- 
phone ( f i g .  8 ) .  Even though  both  configurations show the same trend when compared 
with  the  free-field  microphone, a conclusion as to  whether  the  tendency toward f ree-  
f ie ld   response  occurs  a t  high  incidence  angles  €or a microphone posi t ioned  over  a 
larger   surface  ( the  ground)   cannot   be drawn because of t he   s i ze  of the   p la te   used   in  
the  experiment. Microphone responses  for  the  inverted  and  lying  mounting  techniques 
are computed using  the  flush-mounted  microphone a t  the  same incidence  angle.  
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Resu l t s   fo r   Inve r t ed  Microphone 

The r e s u l t s   f o r   t h e   i n v e r t e d  microphone with  the matched f l u s h  microphone as  t h e  
re ference  are shown i n   f i g u r e  9 f o r  a height- to-diameter   ra t io  (H/D)  of 1.0. The 
l abora to ry   r e su l t s  shown i n   f i g u r e  9 show excellent  agreement  with  the  flush-mounted 
microphone fo r   f r equenc ie s  less than 4 k H z .  For  higher  frequencies,   there is a 
systematic   deviat ion which occurs as a func t ion  of incidence  angle.  As previously 
discussed,   the  dips are due t o   d e s t r u c t i v e   i n t e r f e r e n c e  between  the direct s igna l s  
and the   r e f l ec t ed   s igna l s ,  and  the  f requency  shif t  of the   d ip  i s  caused by the chang- 
i n g  geometry,  which is  caused by the   d i f fe ren t   inc idence   angles .  

The r e s u l t s  of a sys temat ic   var ia t ion  of microphone h e i g h t s   f o r   t h e   i n v e r t e d  
mounting  technique are shown i n   f i g u r e s  10 through 14 f o r  H/D = 2,  0.75,  0.50,  0.25, 
and  0.125, respectively.   For  frequencies less than 4 k H z  (1  k H z  f o r   t h e  H/D = 2 
curves),   the  inverted-microphone  responses are i n  good agreement  with  the  flush- 
mounted-microphone responses. A t  the   higher   f requencies ,   there  i s  again a s t rong  
geometric  dependency. A s  the microphone i s  posit ioned  higher  above  the plate, the 
des t ruc t ive- in te r fe rence   d ip  i s  moved t o  lower  frequencies  because of longer  path- 
length   d i f fe rences .  The c l o s e r  microphones (H/D = 0.25 and 0.125 ( f i g s .  13 and 
1 4 ) )  have humps a t  about 16 k H z  caused by some cons t ruc t ive   in te r fe rence  which is  
not  a s t rong   func t ion  of incidence  angle.  The cons t ruc t ive   in te r fe rence  i s  poss ib ly  
due t o  some resonance  involving  the  microphone  stand  or  the  microphone i t s e l f .  

Resu l t s   fo r  Lying  Microphone 

The r e su l t s   fo r   t he   con f igu ra t ion   w i th   t he  microphone ly ing  on t h e   p l a t e  
compared with  the  matched  flush-mounted  microphone are g iven   i n   f i gu re  15. The 
lying-microphone  response is  f a i r l y   f l a t  up to   abou t  4 k H z .  Above 4 k H z ,  a s t rong 
angle  dependency is  observed. 

O f  the   inverted  and  lying  configurat ions  tes ted,   the   response of the   inver ted  
microphone 0 . 5  t i m e s  the   diameter   above  the  plate   ( f ig .  1 2 )  w a s  t h e   c l o s e s t   t o   t h e  
response of the  flush-mounted  microphone. The des t ruc t ive- in te r fe rence   d ip  is  
greater   than 10 k H z  i n  frequency  and i s  p a r t i a l l y   o f f  set by the   cons t ruc t ive   i n t e r -  
ference  ment ioned  in   the  sect ion  "Resul ts   for   Inverted Microphone." 

Comparison  of  Mounting  Techniques 

To d i r e c t l y  compare t h e   d i f f e r e n t  microphone-mounting techniques a t  var ious  
angles  of incidence,  a series of c r o s s   p l o t s  w e r e  made grouping  the  frequency 
responses   according  to   incidence  angle .  The r e s u l t s  are given i n   f i g u r e s  16 
through 24 corresponding to  the  incidence  angles  of Oo, IOo, 20° ,  30°, 60°, 7 0 ° ,  75O, 
80° ,  and 85O, respec t ive ly .  A t  normal incidence  there  are l a r g e   d i f f e r e n c e s   i n   t h e  
spectra between d i f f e r e n t  microphone  mounting techniques.  The responses are f a i r l y  
f l a t   t o   a b o u t  1 k H z  (4  k H z  excluding  the H/D = 2 case) , a f t e r  which the  height-  
dependent  dips show up. A t  the   intermediate   angles  ( 30° and  60° ), the   curves   tend t o  
f l a t t e n  as the   d ips  move up i n  frequency. A t  near-grazing  incidence (800 and  above), 
the  curves are g e n e r a l l y   f l a t  up to   abou t  10 k H z .  The r e s u l t s  a t  h igher   f requencies  
fo r   t he   i nve r t ed   conf igu ra t ions  where H/D = 0.25 and 0.50 exhib i t   cons t ruc t ive-  
i n t e r f e rence  bumps. 

Blur r ing  of t he   l oca t ion  of the  minima by the  1/3-octave-band averaging is  
i l l u s t r a t e d   i n   f i g u r e  16. I n   t h i s   f i g u r e ,   t h e   f i r s t  minimum f o r   t h e  H/D = 2 case 

7 



occurs  a t  a frequency  of 4 kHz. Since a l l  the  data i n   t h e   f i g u r e  are f o r   t h e  same 
incidence  angle ( O O ) ,  t h e   f i r s t  minimum f o r   t h e  H/D = 1 case would be expected  to  
be a t  8 kHz. However, because of the 1/3-octave-band  frequency  resolution,  the  mini- 
mum occurs a t  a higher  frequency. 

Nondimensional  Analysis 

The r e s u l t s  from  the  inverted  configurations were r ep lo t t ed   aga ins t   t he  non- 
dimensional  parameter kH cos 8, where  k is  the  wave number, H i s  the  microphone 
height  above the  plate, and 8 is  incidence  angle.  The r e s u l t s  are g i v e n   i n   f i g -  
u r e s  25 through 30 for   the   inver ted   conf igura t ions ,   wi th  H/D = 2, 1, 0.75, 0.50, 
0.25,  and  0.125, respec t ive ly .  Similar r e s u l t s  are g i v e n   i n   f i g u r e  31 f o r   t h e   l y i n g  
configurat ion,  where a value of one-half  of  the  microphone diameter w a s  used  for   the 
parameter H. The dips observed  previously which w e r e  a funct ion of incidence  angle 
f o r  a par t icu lar   conf igura t ion   a re   independent  of i nc idence   ang le   i n   t h i s   p re sen ta -  
t ion  format.  The loca t ion  of t h e   f i r s t  minima between  the  configurations is roughly 
the  same, between kH cos 8 = 1 and kH cos 8 = 3.  The minima  do n o t   f a l l   e x a c t l y  
on top of one another  because of the  1/3-octave-band  averaging.  In  the  figures,  the 
grazing-incidence  resul ts   deviate  from the  normal incidence  angle   resul ts ,   par t icu-  
l a r l y   f o r   l a r g e r   v a l u e s  of kH cos  8. 

For  the  inverted  configurations where H/D = 0.25  and  0.125 ( f i g s .  29 and  30) , 
t he   r e su l t s   a t   l a rge   i nc idence   ang le s  do not   agree   wi th   the   resu l t s  a t  smaller   inci-  
dence   angles .   This   ind ica tes   tha t   these   resu l t s  are inf luenced by a phenomenon, 
perhaps a resonance  caused by the  microphone  stand,  which is not  a simple funct ion 
of kH cos 8. For   the  inverted  and  lying  configurat ions tested, a response  c lose  to  
t h a t  of the  flush-mounted  microphone w a s  achieved  with kH cos 8 < 0.7. There were 
devia t ions  from th i s   r e sponse   a t   g raz ing   i nc idence .  

CONCLUDING REMARKS 

Three  ground-level-microphone  mounting  techniques were compared over a frequency 
range from 3 15 Hz t o  20 kHz and over a wide  range of incidence  angles  8 i n   t h e  
Langley  Jet-Noise  Laboratory  anechoic room.  The techniques, tested with a 12.7-mm 
(0.5-in.)  microphone, were f l u s h  mounting,  lying  the  microphone on a p l a t e ,  and 
inve r t ing   t he  microphone  over a p l a t e .  The inverted  case w a s  t e s t ed  a t  s ix   he igh t s  
H, ranging from  0.125 t o  2 times the  microphone  diameter D above  the  plate .  The 
flush-mounted  response w a s  6 dB greater   than the f ree- f   i e ld   response  up t o  10  kHz, 
indicat ing  pressure  doubl ing.   Deviat ions from pressure  doubling of the  f lush-mounted 
response were caused by d i f f r a c t i o n  of the  sound f i e l d  by the   p l a t e .  The lying-  and 
inverted-microphone  frequency  responses  less  than 4 kHz were i n  good agreement  with 
the  flush-mounted-microphone  response  (1 kHz f o r   t h e  H/D = 2 case ) .  A t  higher 
f requencies ,   in terference  dips  were observed  which were s t rong   func t ions  of incidence 
angle  and of microphone  height  above  the  plate. When the   inver ted  and l y i n g   r e s u l t s  
were replotted  against   the  nondimensional  parameter kH cos  8, where k is the  wave 
number, the  dips   observed  in   the  responses   col lapsed  around a common curve,  and  the 
r e s u l t s  were  independent of configurat ion and incidence  angle.  For kH cos 8 < 0.7,  
the  responses of the  inverted  and  lying  configurations  approached  that  of the  f lush-  
mounted microphone. 

A t  near-grazing  incidence, a l l  three  mounting  techniques  tended to  have  free- 
field  response.   This  tendency  toward  free-field  response w a s  a t t r i b u t e d   t o   t h e  
f i n i t e   s i z e  of the plate   used  to   s imulate   the  ground  surface.  A cons t ruc t ive  
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i n t e r f e rence  w a s  observed a t  high  frequencies  with  the  inverted  configurations  for 
H/D = 0.25  and H/D = 0.125. The ampl i f ica t ion  w a s  not  a s t rong  funct ion of i nc i -  
dence  angle  and may have  been  caused by a resonance  involving the microphone  stand  or 
the  microphone i t s e l f .  The ground-level-microphone  mounting  technique  which w a s  the  
c l o s e s t  to the  flush-mounted-microphone r e s u l t s  w a s  the  inverted  microphone  posi- 
t ioned 0.5 times the  diameter above the  plate. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
March 18, 1982 
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SYMBOLS 

D microphone  diameter, mm ( i n .  ) 

H microphone  height, nun ( in .  ) 

k wave  number 

p barometric pressure,  mm Hg ( in .  Hg) 

RH relative humidity,   percent 

SPL sound p res su re   l eve l  

T temperature, OC ( OF) 

8 incidence  angle,  deg 
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TABLE I .- TEST MATRIX 

P o s i t i o n  1 
Shrouds 

With Without 

Flush 
F r e e   f i e l d  
Inverted;  H/D = 2 
Inver ted ;  H/D = 1 
Inverted;  H/D = 0.75 
Inver ted ;  H/D = 0.50 
Inverted;  H/D = 0.25 
Inver ted ;  H/D = 0.125 
Lying . 

Grid  cap I 

'Every  posit ion w a s  t e s t e d  a t  23 incidence  angles  f r o m  
-2OO t o  90° i n  5 O  increments  and a t  f requencies  from 315 Hz 
t o  20 kHz. 

TABLE 11.- TEST AMBIENT CONDITIONS 

P o s i t i o n  

Flush  without  shrouds 
Flush  with  shrouds 
F r e e   f i e l d  
Inverted;  H/D = 2 
Inver ted ;  I ~ / D  = 1 
Inverted;  H/D = 0.75 
Inver ted ;  H/D = 0.50 
Inverted;  H/D = 0.25 
Inver ted ;  H/D = 0.125 
Lying 

~ - 

OC 

27 
27 
28 
30 
31 
28 
28 
28 
28 
27 

T I  P r 
OF 

~ 

8 1  
81  
82 
86 
88 
82 
82 
82 
82 
81  

~ 
~~~ 

- Hg 

760 
757 
757 
757 
757 
758 
758 
758 
757 

L 
~ 757 

i n .  Hg 

29.9 
29 e8 
29.8 
29 e8 
29.8 
29 e8 
29 - 8  
29 e8 
29 - 8  
29 e8 

RH, 
percen t  

77 
7 1  
53 
60 
56 
60 
59 
57 
52 
54 
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L-79-6959 
Figure 1 .- Experimental setup. 
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+!p .33 cm (.13 in.) 

2.5 cm (1.0 in.) 

10.2 cm ( 4.0 in.> 

I I 

15.2 cm (6.0 .in.) _I 
Figure 2. - Shape of edge  treatment  shrouds. 

Top View 

Speaker  Shryuds 

Side  View 

,- Plate 

Figure 3 . -  P l a t e   r o t a t i o n  geometry. 
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L-79-6964 

( a )  Flush mounted. 

(b) Lying  on plate.  

Figure 4.- Microphone conf igura t ions .  
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i 

679-6962  

( c )  Inverted  over  plate .  

Figure 4 .- Concluded. 
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Line e Position 

0-0 0. 0.000 Flush 
0-0 10. 0.000 Flush 
A-A 20. 0.000 flush 
*-0 30. 0.000 Flush 
0-0 40. 0.000 flush 
b-h 50. 0.000 Flush 
0-0 60. 0.000 Flush 
0- 0 70. 0.000 Flush 
0-0 80. 0.000 Flush 
0-0 85. 0.000 Nush 

Rof. Fro. Fiold 

(ded  (H/D) 

0 

400 630 1 k 1.6k 2.5k  4k  6.3k 10k 16k 
1 
3 --Octave-Band  Center  Frequencies (Hz) 

Figure 5.- Flush-mounted  mtcrophone  without  shrouds 
versus  free-field  microphone. 
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Uno 

0-0 

0-0 
A-A 
Q-* 
0-0 
0-n 
0-0 
0 - 0  
0-0 
0-0 

Rof. 

8 

0. 
10. 
20. 
30. 
40. 
50. 
60. 
70. 
80. 
85. 

(dag) 
Position 

(H/W 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 flush 
0.000 Flush 

Fro. FIold 

I- 

-15 ~ l I I I I I I I ~ I ~ I ~ I ~ I ~ I ~ J ~ I ~ I ~ i ~ I ~ l ~ I ~ I ~ I ~ I ,  315  500 800- 1.25k  2k  3.15k  5k  8k 12.5k 20k 

400 630 1 k 1.6k 2.5k 4k  6.3k 10k 16k 

--Octave-Band  Center  Frequencies (Hz) 1 
3 

Figure 6.-  Flush-mounted microphone with shrouds 
versus free-field microphone. 
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Line 

0-a 
0-0 
A-A *-* 
0-0 

0-0 
0 - 0  

Ref. 

0-D 

e 
( d 4  
-20. 
-1 5. 
-10. 
-5. 

5. 
10. 
15. 
20. 

Match 

(H/D) 
Position 

0.000 C lush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 
0.000 Flush 

- a a U 

5-Octave-Band  Center  Frequencies (Hz) 1 

Figure 7 .- Repeatabi l i ty  tests f o r  f  lush-mounted  microphone. 
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Line e 

0-0 0. 
0-0 10. 
A-A 20. *-* 30. 
0-0 40. 
n-n SO. 
0-0 60. 
0 - 0  70. 
0-0 80. 
9-13 as. 

Ref. 0. 

(deg) 
Position 

1 .OOO Inverted 
1.000 Invertod 
1 .OOO Invortod 
1 .OOO Invortod 
1 .OOO Invertod 
1 .OOO Invortod 
1 .OOO Inverted 
1 .OOO Invortod 
1 .OOO Invortod 
1 .OOO Invorted 
0.000 Flush 

(H/D) 

-15 L L 1 I I I 1  I . ! . !  1 1  ! l A  

--Octave-Band Center Frequencies (HZ) 

315 500 800 1.25k 2k 3.15k 5k 8k 12.5k 20k 
400  630 1 k 1.6k  2.5k  4k 6.3k 10k 16k 

1 
3 

Figure 8.- Inverted  microphone  for H/D = 1 versus  flush-mounted 
microphone at O o  reference.  
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Lino 

0-a 
0-0 
A-A *--0 
0-0 
n-n 
0-0 
0 - 0  
0-0 
0-0 

Ref. 

e 
(deg) 
0. 
10. 
20. 
30. 
40. 
50. 
60. 
70. 
80. 
85. 

Match 

Position 

1.000 Invortod 
1.000 Invertod 
1 .OOO Invorted 
1.800 Inverted 
1 .OOO Invortod 
1 .OOO Inveded 
1 .OOO Invortod 
1 .OOO Invertod 
1 .OOO Invertod 
1 .OOO Invortod 
0.000 Flush 

(H/W 

I- 

~ , l l l l l l i l i l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~  

0 

-15 
315  500 800 1.25k 2k 3.15k 5k 8k 12.5k 20k 

400 630 1 k 1.6k  2.5k 4k 6.3k 10k 16k 

5-Octave-Band Center  Frequencies (Hz) 1 

Figure 9.- Inverted microphone f o r  H/D = 1 versus  flush-mounted  microphone. 
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Figure 10 .- Inverted microphone for  H/D = 2 versus f lush-mounted  microphone. 
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Figure 11.- Inverted  microphone  for H/D = 0.75 versus  flush-mounted  microphone. 
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Figure 12.- Inverted  microphone  for H/D = 0.50 versus  flush-mounted  microphone. 
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Figure 13.- Inverted  microphone  for H/D = 0.25 versus  flush-mounted  microphone. 
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Figure 14.- Inverted  microphone  for H/D = 0.125 versus  flush-mounted  microphone. 
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Figure 15.- Lying microphone versus  flush-mounted  microphone. 
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Figure 16.- All microphones at 8 = Oo versus flush-mounted  microphone. 
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Figure 17.- A l l  microphones a t  8 = 100 versus  flush-mounted  microphone. 

28 



= W B t 

-15 t 

Line 6 Position 

0-0 20.  2.000 Invorted 
0-0 20. 1 .OOO Invorted 
A-A 20. 0.750 Invartad *-* 20. 0.500 Inverted 
0-0 20. 0.250 Invortod 
n-n 20. 0.1 25 Invortod 
0-0 20. 0.500 Lying 

Rof. Match 0.000 Flush 

(dm91 (H/D) 

1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . 1 ~  

3 1  5 500 800 1.25k 2k 3.15k.- 5k 
400 630 

--Octave-Band Center Frequencies (Hz) 1 
3 

Figure 18.- A l l  microphones a t  8 = 20° versus  flush-mounted  microphone. 
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Figure 19.- All microphones at 8 = 30° versus  flush-mounted  microphone. 
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Figure 20.- A l l  microphones at 8 = 600 versus  flush-mounted  microphone. 

31 



Line e Position 

0--0 70. 2.000 Inverted 
0-0 70. 1 .OOO Inverted 
A-A 70. 0.750 Invorted *-* 70. 0.500 Invertod 
0-0 70. 0.250 Invertod 

( d 4  (H/D) 

n-b 70. 0.1 25 Invorted 
0-0 70. 0.500 Lying 

Ref. Match 0.000 Flush 

l o  F 

-15 
315 500 800 1.25k 2k 3.15k 5k 8k 12.5k 20k 

400 630 1 k 1.6k  2.5k 4k 6.3k  10k 16k 

--Octave-Band Center Frequencies (Hz) 1 
3 

Figure 21.- All microphones a t  8 = 70°  versus  flush-mounted  microphone. 
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Figure 22.- A l l  microphones at 8 = 750 versus  flush-mounted  microphone. 
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Figure 23.- A l l  microphones a t  8 = 800 versus  flush-mounted  microphone. 
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Figure 24.- A l l  microphones at 8 = 85O versus €lush-mounted  microphone. 
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Figure 25.- Nondimensionalized  inverted  microphone  for H/D = 2 
versus  flush-mounted  microphone. 
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Figure 26.- Nondimensionalized inverted microphone for H/D = 1 
versus f lush-mounted microphone. 
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Figure 27.- Nondimensionalized  inverted  microphone for  H/D = 0.75 
versus  flush-mounted  microphone. 
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Figure 28.- Nondimensionalized  inverted  microphone  for H/D = 0.50 
versus  flush-mounted  microphone. 
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Figure 29.- Nondimensionalized  inverted  microphone  for H/D = 0 . 2 5  
versus  flush-mounted  microphone. 
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Figure 30.- Nondimensionalized inverted microphone €or H/D = 0.125 
versus flush-mounted microphone. 
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